Introduction
Synchrotron radiation (SR) X-ray diffraction is one of the most powerful techniques for the study of the structure of condensed matter. This technique has been used extensively in the ®elds of solid-state physics and materials science. For example, there is increasing interest in (a) the crystal structures of molecular crystals such as fullerenes and related materials, which show various structures and structural phase transitions originating from the shape of the cage and variation of the carbon bonds (Nakao et al., 1998; Ishii et al., 1999) , and (b) crystal structures under extreme conditions, such as low temperature and high pressure, under which novel properties are found. In many cases, the amount of high-purity sample for a diffraction measurement is usually very small and the sample space available under extreme conditions is limited. In these experiments, the data have high background and weak signal. It has been dif®cult to collect reliable data for diffraction analyses.
In order to collect high-quality diffraction patterns under such extreme conditions, we need to use a detector of wide dynamic range, high sensitivity and high resolution. Additionally, the diffractometer should cover a wide range of momentum transfer Q. A two-dimensional detector imaging plate (IP) satis®es the detector requirements (Miyahara et al., 1986 ). An SR X-ray diffraction system with a conventional at-type IP (FIP) has been established at the Photon Factory (PF), Institute of Materials Structure Science, High Energy Accelerator Research Organization (KEK), in Japan (Amemiya et al., 1987) . This system, employing commercial IP ®lms and an IP reader, is suitable for general purposes. There are, however, a number of problems that need to be addressed. One is the reproducibility of the IP position in repeated measurements. For each measurement, the FIP is set in the cassette on the diffractometer and taken out of the cassette after exposure in order to read the data. Thus, we cannot expect strict reproducibility of the IP position. Another problem is the limitation of detectable Q range. The re¯ections at high diffraction angles (2 ! 90 ) cannot be measured using the FIP. To solve these problems and obtain high-quality X-ray powder diffraction pro®les with small amounts of samples in a short time, we have recently developed an SR X-ray powder diffractometer, called the`micropowder diffractometer' (MPD), equipped with a rigidly cylindrical IP (CIP), a built-in counter and an on-line control system. In this paper, we describe characteristics of the MPD, its performance and experimental results.
Outline of beamline and diffractometer system
The MPD is installed in beamline BL-1B at the PF, KEK. SR X-rays from a bending magnet are monochromated by an Si(111) double-crystal monochromator, in the energy range 6± 21 keV. The monochromated beam is focused by a bent cylindrical mirror made of Si crystal coated with Rh. In our experiments, the focused beam size at the sample position was 0.4 (vertical) Â 0.6 (horizontal) mm. The number of photons measured by a photodiode was about 10 10 ±10 11 photon s À1 at the sample position. The data for several energies are listed in Table 1 .
In order to align the diffractometer with respect to the focused incident beam, the measuring system was constructed on three adjustable bases, as shown in Fig. 1 : a horizontal rotation (È) base, a horizontal translation (Y) system and vertically adjustable (Z) legs. Because the sample size and the beam size are of the order of 100 mm, it has been designed that alignment can be performed by computer to monitor the relative position between the diffractometer and focused beam to within about 10 mm.
The important features of the MPD are the CIP detecting system, with a dynamic range up to 10 6 , wide Q-range detectability and precise reproducibility in collecting the diffraction patterns. The wide dynamic range is attained by the use of two photomultiplier tubes (PMTs). 1 Details of the performance of the detection system will be discussed in x3.1. For a wide Q-range detectability and precise reproducibility, the IP is stuck directly onto the semi-cylindrical aluminium mold (diameter 300 mm, length 200 mm). The CIP has a camera length, L, of 150 mm and a detection area of 440 mm (peripheral length along 2) by 200 mm (width). The measurable 2 range of the camera is from À44 to 122 . Because of the small vertical divergence of SR X-rays, the CIP con®guration was designed for use with the scattering vector Q in the vertical plane in order to obtain precise data. In addition to ®xing the IP to the mold, a counter for reading data and a light source to erase data are installed on the main base for precise reproducibility. After exposure to X-rays, the CIP is moved down into the main base, by the elevating guide and a step motor, and the spectrum on the CIP is read by a built-in counter. The reproducibility of the position is better than 5 mm for each measurement. The improvement of the precise reproducibility is most advantageous in cases of measurements performed in order to determine the dependence of the diffraction pattern on some particular parameter, i.e. obtaining systematic data, as will be exempli®ed in x3.4.1. Wide Q-range detection and precise reproducibility are two features that are lacking in the FIP system. The conventional FIP system (FIP cassette) (Shimomura et al., 1992) , with a variable camera length, L, from 135 to 430 mm is also mounted on the base. This is very effective for high-resolution measurements at long camera lengths.
Performance and application

Dynamic range and linearity
In order to achieve a wide dynamic range of 10 6 , the spectrum on a CIP is read by counting the photo-stimulated luminescence intensity, which is proportional to the number of photons absorbed by the CIP, using two PMTs: one (PMT1) is a detector for weak-intensity diffraction up to 4096 counts pixel À1 , while the other (PMT2) is for high intensities from 4096 to 1 048 576 counts pixel À1 . In the latter case, the photostimulated luminescence intensity is attenuated by about 1/256 in front of PMT2, and the digital output of PMT2, converted from an analog signal, is magni®ed by the CPU to the original X-ray intensity. The detectable upper limit of the IP detector system was raised by raising that of the PMT. In order to con®rm the linearity of the detector in the wide range, we measured the dependence of output intensity on the directbeam exposure time, as shown in Fig. 2 . In these measurements, the exposure time was set to be shorter than 12 s, which Table 1 Photon¯ux at the sample position at BL-1B.
Photon energy (keV)
Photon¯ux (s À1 ) 6.2 2 Â 10 10 8.3 8 Â 10 10 12.4 8 Â 10 10 17.7 3 Â 10 10
Figure 1
Side view of the MPD. The base consists of four parts: a main base, a vertical translation (Z) stage, a horizontal translation (Y) part and a horizontal-plane rotation system (È). The counter for reading a spectrum and the light source for erasing a spectrum are built in the main base. is much smaller than fading time (about 2500 s) (Amemiya, 1995) and reading time (about 250 s). Therefore, for successive measurements, the difference in the fading effect of the IP during exposure is negligible. To collect the low-intensity data, incident X-ray beams are attenuated by aluminium plates. The exposure times are normalized considering (a) the decay of the storage-ring current and (b) the reduction of the incident beam by the attenuator. The normalized exposure times are de®ned as incident X-ray photons in arbitrary units, as shown in Fig. 2 . From the data in Fig. 2 , we can conclude that this system responds linearly with a dynamic range of 10 6 .
Diffractometer resolution
As a preliminary experiment for the estimation of the performance of this system, we measured a powder sample of Si [Standard Reference Material 640b, National Bureau of Standards (NBS)] at room temperature. About 100 mg of Si powder was encapsulated in a glass capillary of 100 mm diameter; the exposed volume was about 100 mm diameter Â 600 mm length, so that the effective amount of sample for diffraction was about 2 mg. A focused beam with wavelength ! = 1.1000 A Ê was used. Fig. 3 shows the raw data in the form of Debye±Scherrer rings recorded on the CIP. The exposure time was 60 s. In spite of the small amount of sample and the short exposure time, a high-quality diffraction spectrum can be obtained by integrating the intensity along the rings, as shown in Fig. 4 . The pro®le of the main peak (111 re¯ection) is shown in the inset of Fig. 4 . The full width at half-maximum (FWHM) values H G for each peak are plotted in Fig. 5 . The dependence of H G is well represented by the equation (Young & Wiles, 1982) Dependence of output intensity of the CIP on the direct-beam exposure time, which is proportional to the number of photons of the incident beam.
Figure 3
Debye±Scherrer ring image of Si powder (about 2 mg) recorded on a CIP. The exposure time was 60 s.
Figure 4
Powder diffraction pattern obtained by integrating the Debye±Scherrer ring of Fig. 3 . The cross marks are experimental points and the solid line is a Rietveld ®t using the data from 18 to 120 in 2; the lower trace shows the difference between the observed and calculated intensities. Tick marks indicate the positions of allowed Bragg re¯ections. The inset shows the 111 re¯ection pro®le.
Figure 5
The 2 dependence of the full width at half-maximum of diffraction, derived from Fig. 4 , for an NBS Si 640b powder sample. The solid line is the curve ®tted according to equation (1).
with U = 0.0101 AE 0.0003, V = À0.0008 AE 0.0002 and W = 0.005 AE 0.0001, where U is a peak broadening parameter arising from the microstrain of the specimen and V and W are parameters that depend not on the specimen but only on the instrument. The ®tting result is shown in Fig. 5 as a solid line. The obtained V and W values give an estimation of the resolution of this system and a guideline for the analysis of the experimental data.
Rietveld refinements of powder diffraction patterns
To check the quality of data measured by the MPD, we carried out the Rietveld re®nement for the diffraction pattern (in the range 18±120 ) of the Si powder sample (as shown in Fig. 4 ) by using the program RIETAN-94 (Izumi, 1993; Kim & Izumi, 1994) . The re®nement converged at R wp = 3.72%, R p = 2.62%, R I = 1.46%, R F = 1.21%, R e = 0.31%; the atomic position of Si was ®xed on the lattice point of the diamond structure. Rietveld ®tting results are shown in Fig. 4 as the solid line. This result suggests that even in the case of a small amount of sample and a short exposure time, the diffraction pattern measured by the MPD has high quality, suitable for crystal structure analysis.
Application to low-temperature experiments under ambient and high pressures
3.4.1. Temperature dependence of the lattice constant of La@C 82 . An advantage of this system became apparent in lowtemperature experiments in which powder diffraction patterns of the endohedral metallofullerene La@C 82 were measured. The structure of the endohedral metallofullerene crystal is attracting much attention because the metallofullerene has a large molecular electric dipole moment and its interactions should play an important role in the structure, in addition to the van der Waals like interactions existing in the`empty' fullerene crystals. A powder sample of La@C 82 encapsulated in a glass capillary was mounted on the diffractometer in a helium closed-cycle refrigerator (CTI-Cryogenics, Model 22C). Figs. 6(a) and 6(b) show the temperature dependence of the lattice constant of La@C 82 , obtained from the data measured by the CIP and the FIP, respectively. The temperature dependence of the lattice constant measured by the CIP changed smoothly, with small uncertainties. As a result, we can ®nd an anomaly at around 150 K. However, this anomaly is not clearly seen in data measured by the FIP because of their scatter as a result of the poor reproducibility of the FIP position. The improvement of the positional reproducibility for measurements using this system enabled us to collect a high-quality data sequence for systematic analysis. Detailed analysis and discussions of the anomaly in the lattice constant will be presented elsewhere (Watanuki et al., private communication) .
3.4.2. Pressure dependence of the crystal structure of NaV 2 O 5 . One of the most novel applications of the system is X-ray diffraction under high pressure at low temperature. We developed the low-temperature high-pressure system exclusively for the MPD. In this system, a gas-driven metal-membrane diamond anvil cell (DAC) (Diacell Products, DXR-GM) is mounted on a closed-cycle refrigerator (Iwatani Industrial Gases, M310).
The ®rst experiment using this system was performed to study structural phase transitions in the quarter-®lled spinladder compound NaV 2 O 5 . 2 A single-crystal sample of NaV 2 O 5 (80 Â 150 Â 40 mm) and polycrystalline powder sample of NaCl were mounted in the sample chamber of the DAC; NaCl powders were used for pressure calibration (Menoni & Spain, 1984) . In order to apply hydrostatic pressure to the sample, an alcohol mixture (methyl alcohol:ethyl alcohol = 4:1) was used as the pressure medium. Fig. 7 shows a series of oscillation photographs (À6 3 0 ) of the NaV 2 O 5 single crystal at 8 K under high pressures. Bragg spots and Debye±Scherrer rings result from diffraction from the singlecrystal sample of NaV 2 O 5 and the polycrystalline powder sample of NaCl, respectively. As the pressure increases, the structure to a 2aÂ 2bÂ 1c type superstructure, with respect to the a Â b Â c type fundamental structure at room temperature under ambient pressure. This is the ®rst observation of such a structural phase transition of NaV 2 O 5 at low temperature and under high pressure. The crystal structure and structural phase transition sequences have been discussed in detail by Ohwada et al. (2000) .
Summary
The micropowder diffractometer, which is installed at beamline BL-1B of the Photon Factory, KEK, is designed to collect high-quality diffraction patterns with wide dynamic and Q range for a very small amount of powder sample under extreme conditions, i.e. low temperature and/or high pressure.
As a preliminary experiment for the estimation of the performance of this system, we analysed a powder sample of Si (about 2 mg). Rietveld analysis converged at R wp = 3.72%. Measurements at low temperatures under ambient and high pressures demonstrated the value of the micropowder diffractometer. This system will provide data for precise crystal structure analyses even though the sample volume is limited.
